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A low frequency antenna for radiating/receiving an electro-
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Table 1
Material Relative Magunetic Frequency | Conductanc | Compressing
Permeabilit e. o, 5/m
y field max. Factor, max
1/po

Metallic glass | <10° at0.5T 100 kHz < 10° 310% (100kHz)

Nanoperm 80,000 at03T 10 kHz <10° 310° (10 kHz)

Mu-metal 20,000 at0.002 T ~1077 510° (10 kHz)

Mu-metal 50,000 ~10" 810" (10 kHz)

Permalloy 8,000 at0.002 T ~10’ 310" (10kHz)

Electrical steel | 4,000 ar0.002 T ~5 10° 14107 (10
kHz)

Ferrite (NiZn) | 16-640 100 kHz~1 0.05-0.5 210 (10kHz)

MHz

Ferrile >640 100 kHz~1 0.05-0.5 >2 10° (10

{MnZn) MHz kHz)

Steel 100 at 0.002 T ~510° 2 10° (10KkHz)

Metallic glass | <10° 05T 100 kHz <10° 3 10° (100kHz)

Nanoperm %0,000 a0s5T 10kHz <10° 310° (10kHz)

Mu-metal 20,000 at0.002 T ~10" 510° (10 kHz)

Mu-metal 50,000 ~107 810" (10 kHz)

Permatloy §,000 at0.002 T ~10 310° (10 kHz)

Electrical steel | 4,000 at0.002 T ~510° 14107 (10
kHz)

FIG. 2
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Table 2
Material & Compressing
Factor, max
Titanium dioxide 86-173 15
Strontium titanate 310 20
Barium strontium titanate 500 22
Barium titanate 1250-10,000 100
{20120 °C)
Lead zirconate titanate 500-6000 &0
Conjugated polymers | 1.8-6 up to 100,000 <300
Calcium copper titanate >250,000 =500
FIG. 3
Table 3
Material o ($/m)at 20 °C Compressing Factor,
Max (at 10 kHz)
Carbon (amorphous) | 1.25 to 2%10° <0.5 10°
Carbon (graphite) 2 t0 3x10° || basal plane | <0.5 107 (|| basal plane)
3.3x10° Lbasal plane 4
<1.5 10" (Lbasal plane)
Constantan 2.04x10° 13107
GaAs 5x10™ to 10° <3107
Manganin 2.07x10° 1.3 10
Mercury 1.02x10° 1.0 10°

F1G. 4
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LOW-FREQUENCY ANTENNA

CROSS-REFERENCE TO RELATED

[0001] This application is a continuation of International
application PCT/RU2014/000168 filed on Mar. 18, 2014
which claims priority benefits to Russian patent application
RU 2013112500 filed on Mar. 20, 2013 and U.S. provisional
application U.S. 61/803,186 filed on Mar. 19, 2013. Each of
these applications is incorporated herein by reference for all

purposes.
FIELD OF THE INVENTION

[0002] The present invention relates generally to a low-
frequency antenna and, more particularly, to a small low
frequency antenna, and an array of such antennas having
enhanced radiation directivity. Further, the present invention
relates to a system for remote sensing of buried object. Fur-
thermore, the present invention relates to a system for remote
energy transfer. The antenna can be used in automotive indus-
try, telecommunication industry, in particular, in mobile
applications, natural resources exploration and other applica-
tions.

BACKGROUND OF THE INVENTION

[0003] Propagation of electromagnetic waves through
materials with varying properties such as dielectric permit-
tivity, conductivity and permeability, was and remains in the
focus of fundamental research due to its enormous value for
wireless communication and sensing systems. Due to high
efficiency of the radiation from relatively small transmitting
facilities, the high-frequency waves are usually those mostly
used in communication. However, the ranges the waves can
reach are limited by skin depth which usually scales inversely
as square root of frequency. On the other hand, moving
towards low-frequency has certain benefits such as deeper
penetration and lower scattering sensitivity to the objects
which are smaller as compared to the wavelength of the
signals. One of the main challenges is the size of the radiating
source which ordinarily has to be commensurate with the
wavelength of the radiated waves in order to achieve accept-
able level of radiation resistance.

[0004] Directivity is a figure of merit for antenna and it
measures the power density P(8, ¢) the antenna radiates in the
direction of its strongest emission relative to the power den-
sity of the same antenna averaged over the entire solid angle

Q(0, ¢):

Dir(6¢)=max{P(6¢)/(JdQP(6¢)}

[0005] The commonly used setting of a loop antenna
implies maximum gain at 6=0 assuming the plane of the
radiating loop is normal to the z-axis, the latter will conven-
tionally be considered as the radiator axis. One of the tradi-
tional methods to increase the directivity is to place the loop
over a planar reflector. For this setting, the directivity is about
9 dB for spacings between the loop and the reflector in the
range 0.005=dA=0.2, where d is distance between the loop
and the reflector and A is the wavelength. In general, the
directivity depends on the size, shape and the conductivity of
the reflector and is a matter of optimization of those param-
eters as well, but the directivity stays around 9 dB at the
maximally optimized range of the parameters, which is s/A~1
for a square shaped perfectly conducting reflector, with s
standing for the length of its side.
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[0006] Another method of controlling directivity is using a
coaxial array in which all the loops are parallel and have their
centers on a common axis. Here, the controlling parameter is
ratio between the loop length and the wavelength, 2mr/h,
where r is the loop radius and A is the wavelength. This
method is efficient if the parameter 2mr/A is close to unit. In
this case, the induced currents in all loops have nearly same
phase and hence there is no cancellation of the generated
electromagnetic field. The mostly used configuration
includes a single driven loop and several parasitic loops, in
which case the feed arrangement needed to obtain the pre-
scribed driving-point voltages can easily be obtained. If the
size of the parasitic loop is slightly smaller than the wave-
length (or the size of the driven loop), typically 27t .0/
7~0.95, then directivity gains its maximum of about 7 dB on
the side of the parasitic loop, the latter therefore considered as
a director. If size of the parasitic loop is slightly smaller than
the wavelength (or the size of the driven loop), typically
2T sroerod M~1.05, then directivity gains its maximum of
about 7 dB on the side opposite to the parasitic loop, the latter
therefore considered as a reflector. Spacing between the
driven loop and parasitic loops is another controlling param-
eter. Spacing of dA~0.2 is considered as optimum for achiev-
ing maximum directivity. The physics behind the array setting
to maximize the radiation directivity is related to the differ-
ences between phases of the probing voltage at the location of
the parasitic loop and the current induced by the voltage: if
parasitic loop is smaller than this difference is negative, and
vice-versa. The interference between fields from all elements
of the array results in the distortion of the field pattern and
asymmetry with respect to =0 and 6=r directions, i.e.
enhancement of the directivity.

[0007] Situation changes dramatically when there is a
wave-compressing medium into which the driven loop is
immersed, and this is the configuration which the current
invention is addressing. Due to the fact that conditions of the
wave compression, i.e. when the insulated driven loop is
immersed into the cavity characterized by certain dimen-
sions, shape and material parameters, can in general be
destroyed by presence of other objects around, requires spe-
cial consideration in order to preserve wave-compressing and
achieve high directivity gain at the same time.

[0008] Small EM transmitters often include a specially
shaped and designed dielectric encapsulation which enables
wave compression by a factor which comprises the frequency
range only few times of the fundamental resonance frequency
of the transmitter. The degree of the wave compression and
therefore of the frequency lowering factor is commonly lim-
ited by the material parameter used in the dielectric resonant
cavity antennas.

[0009] For example, U.S. Pat. No. 3,823,403, (1974) to
Walter et al, discloses a dielectric or ferrite multiturn loop
antenna which has a relatively high radiation resistance in the
GHz range of frequencies. The high frequency of radiation
has an advantage of a high density of the information trans-
mission due to enhanced bandwidth but often time has a
disadvantage of a limited penetration depth if there are
objects around where the skin depth is relatively small com-
pared to the dimensions of the objects. Also, the wave pro-
cesses similar to the Rayleigh scattering on the fluctuations of
the density of the surrounding medium of the otherwise rela-
tively large skin depth and related diffraction phenomena may
also contribute to the limited extension of the wave propaga-
tion. On the other hand, the low frequency radiation offers a
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method of the EM transmission which is free of the indicated
drawbacks of the high-frequency radiation due to the
enhanced skin-depth and therefore penetration extension and
diminished diffraction processes.

[0010] U.S. Pat. No. 5,541,610 (1996) to Imanishi et al,
discloses a antenna for a radio communication apparatus
employing a chip inductor based antenna which includes a
multilayered miniaturized chip inductance element having an
approximately A/4 wavelength which achieves a half-wave
dipole antenna performance together with a ground having an
approximately A/4 wavelength. In a preferred embodiment,
the inductance element is formed of a plurality of thin sheets
of insulating material carrying conductor segments which are
connected through via-holes in the sheets to form a spiral
inductance element within the stack of sheets. Direct connec-
tion avoids impedance matching circuit insertion loss and
low-cost miniaturization with reduced antenna gain deterio-
ration from surrounding conductors is provided for an effec-
tive miniature portable radio communication apparatus.

[0011] U.S. Pat. No. 6,046,707 (2000) to Gaughan, et al.
discloses a ceramic multilayer helical antenna for portable
radio or microwave communication apparatus. A small and
durable antenna for use with radio and microwave communi-
cations is formed as a helical conductor contained in a mul-
tilayered non-ferrite ceramic chip. The dielectric constant of
the ceramic is selected to match the antenna to its operating
frequency, which may be in the range 0f0.5to 10.0 Gigahertz.
A process for making such antennas is also disclosed.

[0012] Low profile antenna performance enhancement is
often achieved by utilizing engineered electromagnetic mate-
rials.

[0013] Inone such realization, an integrated planar antenna
printed on a compact dielectric slab having an effective
dielectric constant is described in U.S. Pat. No. 6,509,880 by
Sabet et al. Design of antenna elements with significant front-
to-back radiation ratio is usually accomplished through the
use of metal-backed substrates. However, printed antennas on
metal-backed substrates have limited bandwidth and effi-
ciency. This problem stems from the fact that the radiated
field from the image of theantenna’s electric current, which is
placed in close proximity and parallel to a PEC, tends to
cancel out the radiated field from the antenna current itself. In
this case, matching the antenna input impedance is rather
difficult, and if a matching condition can be achieved, it
would be over a relatively narrow bandwidth. To circumvent
this difficulty, a reactive impedance surface (RIS) with ran-
dom voids between planar slot elements and the ground metal
plate via a dielectric slab, as proposed in U.S. Pat. No. 6,509,
880, is used for the antenna dielectric substrate. The so
designed RIS has the following major features: it provides a
reflection power that enhances the antenna front-to-back
ratio; RIS has the ability to serve as a resonating cavity
resulting in the antenna size reduction due to reduced wave-
length A~1/sqrt(€p). However, due to inherited structural
design of printed micro-strips, when conducting strips are
placed between the dielectric slab and the air, the resonant
surface waves along the slab surface interfere with the waves
generated in the dielectric resonator resulting in a reduced
power efficiency of the low profile antenna. The suggested
random voids in the slab to minimize the effect of the surface
waves leads to a non-uniform distribution of the material
parameter, reduced coupling of the radiating slot to the dielec-
tric slab and thus the integrated planar antenna printed on a
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compact dielectric slab with a metallic backing has limited
capability in the frequency lowering and radiation efficiency.
[0014] Recently, a magnetic metamaterial (IEEE, Transac-
tions on microwave theory and techniques, Vol. 54, No. 1,
January 2006) was reported as extremely advantageous as a
substrate for antennas. Said magnetic metamaterial is natu-
rally nonmagnetic material with metallic inclusions. The
effective medium metamaterial substrate employed electro-
magnetically small embedded circuits (ECs) to achieve per-
meability and permittivity greater than that of the host dielec-
tric. Geometric control of the ECs allowed p and € to be
tailored to the application. The magnetic metamaterial exhib-
ited enhanced p and € with acceptable loss-factor levels. The
permeability of the material varying strongly and predictably
with frequency, the miniaturization factor may be selected by
tuning the operating frequency. Relative permeability values
in the p,=1-5 range are achievable for moderately low-loss
applications. Representative antenna miniaturization factors
on the order of 4-7 over a moderate (approximately 10%)
transmission bandwidth and efficiencies in a moderate range
(20%-35%) are demonstrated with the possibility of higher
efficiencies indicated.

[0015] Using the wave-compressing technology in the area
of antenna elements requires an approach which should be
different from the existing methods of the controlled direc-
tivity, such as using reflecting conducting plane or a coaxial
array of the loops.

[0016] The problems are arising mostly at low frequencies
and are listed below.

[0017] First, matching the driving-point voltage to the input
impedance depends on the spacing between parasitic ele-
ments and is not efficient at low frequencies due to large
wavelength.

[0018] Second, low-frequency range is not accessible with-
out the resonant cavity as the radiator size would scale with
the wavelength if no compressor is used.

[0019] Third, minimizing the multiple-scattering and thus
lateral diffusion processes from the interfaces, which implies
no use of abruptly changing parameters in the space. The
latter translates into the continuous change of the intrinsic
impedance along the enhanced directivity.

[0020] Forth, directivity gain depends on the number of
elements in the multi-component loop antenna, which how-
ever adds to the overall dimension. This is inconsistent with
the requirement of keeping size down.

[0021] In connection with the above, there is a continuing
necessity in small antennas operating at low frequencies and
having enhanced performance characteristics, including effi-
ciency of radiation and high directivity gain.

SUMMARY OF THE INVENTION

[0022] Inview of the foregoing background, it is therefore
an object of the present invention to provide a compact reso-
nant antenna when the radiated waves have wavelength
orders of magnitude smaller than the physical size of the
antenna and at the same time the radiation resistance is high
enough for the resonant antenna to be applied in the area of
communication and wireless transfer of the electromagnetic
energy.

[0023] In accordance with the teachings of the present
invention, a low frequency antenna is disclosed. The low
frequency antenna comprises different functional materials
used in fabrication of the wave-matching encapsulation
enclosing the antenna conductor in order to match the wave-
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length of the compressed wave to the physical size of the
resonant antenna, to match the wave impedance within
encapsulation and impedance of the outer medium, to
enhance the directivity gain by using non-uniform distribu-
tion of the material parameters and minimize the intrinsic
impedance mismatch between the region of the encapsulation
which is forming the compressed wave and the outer medium.
[0024] According to one aspect of the invention a low fre-
quency antenna for radiating/receiving an electromagnetic
wave is provided, the antenna comprising: a feed port con-
nectable to a transmission line; an antenna conductor con-
nected to the feed port; and an encapsulation at least partially
surrounding the antenna conductor, wherein the encapsula-
tion has a core part adjacent to the antenna conductor and an
external part adjacent to the core part and having a periphery,
wherein the core part of the encapsulation has such a structure
or is made of such a material that each of the encapsulation
core part permeability, the encapsulation core part conduc-
tivity and the encapsulation core permittivity is invariable
within the core part, wherein the external part of the encap-
sulation has such a structure or is made of such a material that
at least two of the encapsulation external part permeability,
the encapsulation external part conductivity and the encapsu-
lation external part permittivity increases along at least one
direction within the external part of the encapsulation from
the core part to the periphery of the encapsulation, wherein
the structure or material of the external part of the encapsu-
lation is chosen to provide that the ratio of encapsulation
external part permeability to the encapsulation external part
permittivity is invariable within the external part of the encap-
sulation and equal to the ratio of the outer medium perme-
ability to the outer medium permittivity.

[0025] In one embodiment, the encapsulation external part
conductivity is invariable, while the encapsulation external
part permeability and the encapsulation external part permit-
tivity increases.

[0026] In one embodiment the encapsulation external part
permeability is invariable, while the encapsulation external
part conductivity and the encapsulation permittivity
increases.

[0027] In one embodiment the encapsulation external part
permittivity is invariable, while the encapsulation external
part permeability, and the encapsulation external part conduc-
tivity increases.

[0028] Inoneembodiment, atleast two ofthe encapsulation
external part permeability, the encapsulation external part
conductivity and the encapsulation external part permittivity
increases continuously.

[0029] Inoneembodiment, at least two ofthe encapsulation
external part permeability, the encapsulation external part
conductivity and the encapsulation external part permittivity
increase step-wise.

[0030] In some embodiments, the encapsulation external
part permeability, the encapsulation external part permittivity
and the encapsulation external part conductivity are increased
by a factor of 5-20.

[0031] In one embodiment, the encapsulation external part
permeability is varied in the range 5-10 times of that in the
core, continuously or step-wise increasing on one side of the
core in the direction from the periphery of the external part of
the encapsulation to the core, and continuously or step-wise
increasing on the opposite side of the core in the direction
from the core to the periphery of the external part of the
encapsulation, the ratio of the parameters including permit-
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tivity, permeability and conductivity in the external part of the
encapsulation is kept equal to that in the core region.

[0032] Inone embodiment, the encapsulation external part
permittivity is varied in the range 5-10 times of that in the
core, continuously or step-wise increasing on one side of the
core in the direction from the periphery of the external part of
the encapsulation to the core, and continuously or step-wise
increasing on the opposite side of the core in the direction
from the core to the periphery of the external part of the
encapsulation, the ratio of the parameters including permit-
tivity, permeability and conductivity in the external part of the
encapsulation is kept equal to that in the core region.

[0033] Inone embodiment, the encapsulation external part
conductivity is varied in the range 5-10 times of that in the
core, continuously or step-wise increasing on one side of the
core in the direction from the periphery of the external part of
the encapsulation to the core, and continuously or step-wise
increasing on the opposite side of the core in the direction
from the core to the periphery of the external part of the
encapsulation, the ratio of the parameters including permit-
tivity, permeability and conductivity in the external part of the
encapsulation is kept equal to that in the core region.

[0034] Inone embodiment, the encapsulation external part
permeability and encapsulation external part permittivity is
varied in the range from 1 to 10°.

[0035] Inone embodiment, the encapsulation external part
conductivity is varied in the range from 0 to 60x10° S/m.
[0036] In some embodiment, the encapsulation contains
material with high permeability and high/low conductivity
selected from the group of: metallic glass, nanoperm, mu-
metal, permalloy, electrical steel, Ni—Zn ferrite, Mn—Z7n
ferrite, steel, Fe,,Co,V,, Fe,% Si, Fey,Co B, .51,
NijoFes, permalloy, Fe,;;Sij; sNb;B,Cu, finement,
Ni, Fe,-Mos supermalloy, material with high permittivity
selected from the group of: titanium dioxide, strontium titan-
ate, barium strontium titanate, barium titanate, lead zirconate
titanate, conjugated polymers, calcium copper titanate, or
material with moderate/low conductivity selected from the
group of: amorphous carbon, graphite carbon, constantan,
GaAs, manganin, mercury.

[0037] In some embodiments, the encapsulation contains
metamaterial.
[0038] In some embodiments, the antenna operating fre-

quency is up to 3 MHz, up to 2 MHz, up to 1 MHz.

[0039] In one embodiment, the core part has a linear size
that is more than one-forth length of the antenna conductor.
[0040] Inone embodiment, the external part has an exten-
sion selected from the group consisting of materials with
continuously or step-wise changing parameters along an
imaginable line going through the mid-point of the core part,
so that wave impedance is unchanged along the line.

[0041] Inone embodiment the encapsulation external part
permeability and the encapsulation external part permittivity
are increased with the same factor within the external part.
[0042] Inone embodiment, the encapsulation external part
conductivity and the encapsulation external part permittivity
are increased with same factor within the external part.
[0043] In one embodiment, the antenna conductor is
shaped as a linear conductor and has a length varied in the
range of 0.001-1 m.

[0044] In one embodiment, the antenna conductor is
shaped as an asymmetric loop has a diameter varied in the
range of 0.05-1 m.
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[0045] Inoneembodiment, the asymmetric loop is selected
from the group consisting of: circular, square and diamond
loop.

[0046] In one embodiment, the antenna conductor is clad-
ded by an insulator having thickness less than Yoo L wherein
L is a length of the antenna conductor.

[0047] Inoneembodiment, the antenna further comprises a
backing or lensing material having a high magnetic perme-
ability for enhanced directivity gain. The high directional
magnetic permeability is higher than magnetic permeability
in the core part more than 5 times.

[0048] In one embodiment, the encapsulation has a geom-
etry selecting from the group of: cylindrical disk, split cylin-
der, sectored cylinder, cylindrical rings, triangle, rectangle,
notched rectangle, chamfered encapsulation, cone, ellipsoid,
sphere, hemisphere, spherical cap, tetrahedron, perforated
encapsulation, stepped encapsulation, or any combination
thereof.

[0049] In one embodiment, the antenna comprises at least
one heatsink. For example, the heatsink is a structural element
of the antenna.

[0050] In one embodiment, the antenna comprises a rein-
forcement. The reinforcement is a structural element of the
antenna.

[0051] In one embodiment, the encapsulation has an outer
layer preventing oxidation of the encapsulation.

[0052] In a second aspect of the invention, an array of
antennas comprising a plurality of a low-frequency antennas
for radiating/receiving an electromagnetic wave and a cou-
pling arrangement between said plurality of low-frequency
antennas is provided, wherein each antenna of the plurality of
the antennas comprising: a feed port connectable to a trans-
mission line; an antenna conductor connected to the feed port;
and an encapsulation at least partially surrounding the
antenna conductor, wherein the encapsulation has a core part
adjacent to the antenna conductor and an external part adja-
cent to the core part and having a periphery, wherein the core
part of the encapsulation has such a structure or is made of
such a material that each of the encapsulation core part per-
meability, the encapsulation core part conductivity and the
encapsulation core part permittivity is invariable within the
core part, wherein the external part of the encapsulation has
such a structure or is made of such a material that at least two
of the encapsulation external part permeability, the encapsu-
lation external part conductivity and the encapsulation exter-
nal part permittivity increases along at least one direction
within the external part of the encapsulation wherein the
structure or material of the external part of the encapsulation
is chosen to provide that the ratio of encapsulation external
part permeability to the encapsulation external part permit-
tivity is invariable within the external part of the encapsula-
tion and equal to the ratio of'the outer medium permeability to
the outer medium permittivity.

[0053] In one embodiment, the array is configured as one-
dimensional antenna array or two-dimensional antenna array.
[0054] In one embodiment, the array comprises a plurality
of phasers individual for each antenna.

[0055] According to a third aspect of the invention, a sys-
tem for remote sensing of buried object is provided, wherein
the system comprises: at least one low-frequency transmitting
antenna configured to radiate an electromagnetic wave to a
buried object; at least one low-frequency receiving antenna
configured to receive electromagnetic wave from at least one
low-frequency transmitting antenna; wherein the at least one
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low-frequency transmitting antenna and the low-frequency
receiving antenna each comprising: a feed port connectable to
a transmission line; an antenna conductor connected to the
feed port; and an encapsulation at least partially surrounding
the antenna conductor, wherein the encapsulation has a core
part adjacent to the antenna conductor and an external part
adjacent to the core part and having a periphery, wherein the
core part of the encapsulation has such a structure or is made
of such a material that each of the encapsulation core part
permeability, the encapsulation core part conductivity and the
encapsulation core part permittivity is invariable within the
core part, wherein the external part of the encapsulation has
such a structure or is made of such a material that at least two
of the encapsulation external part permeability, the encapsu-
lation external part conductivity and the encapsulation exter-
nal part permittivity increases along at least one direction
within the external part of the encapsulation wherein the
structure or material of the external part of the encapsulation
is chosen to provide that the ratio of encapsulation external
part permeability to the encapsulation external part permit-
tivity is invariable within the external part of the encapsula-
tion and equal to the ratio of the outer medium permeability to
the outer medium permittivity.

[0056] Inoneembodiment, the low-frequency transmitting
antenna and the low-frequency receiving antenna are inte-
grated together.

[0057] In another embodiment, the low-frequency trans-
mitting antenna and the low-frequency receiving antenna are
spaced apart from each other.

[0058] In one embodiment, the system operates in a mode
selected from the group of: a reflecting mode, a diffraction
mode, a transmission mode, or combination thereof,

[0059] According to a fourth aspect of the invention, a
system for remote energy transfer is provided, the system
comprising;: at least one low-frequency transmitting antenna
connectable to energy source and configured to radiate an
electromagnetic wave to a energy consumler; and at least one
low-frequency receiving antenna connectable to the energy
consumer and configured to communicate with at least one
low-frequency transmitting antenna by receiving the electro-
magnetic wave radiated by the low-frequency transmitting
antenna, wherein the at least one low-frequency transmitting
antenna and the at least one low-frequency receiving antenna
each comprising: a feed port connectable to a transmission
line; an antenna conductor connected to the feed port; and an
encapsulation at least partially surrounding the antenna con-
ductor, wherein the encapsulation has a core part adjacent to
the antenna conductor and an external part adjacent to the
core part and having a periphery, wherein the core part of the
encapsulation has such a structure or is made of such a mate-
rial that each of the encapsulation core part permeability, the
encapsulation core part conductivity and the encapsulation
core part permittivity is invariable within the core part,
wherein the external part of the encapsulation has such a
structure or is made of such a material that at least two of the
encapsulation external part permeability, the encapsulation
external part conductivity and the encapsulation external part
permittivity increases along at least one direction within the
external part of the encapsulation wherein the structure or
material of the external part of the encapsulation is chosen to
provide that the ratio of encapsulation external part perme-
ability to the encapsulation external part permittivity is invari-
able within the external part of the encapsulation and equal to
the ratio of the outer medium permeability to the outer
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medium permittivity; whereby the the energy consumer can
be supplied with the energy from the energy source when at
least one low-frequency transmitting antenna and the at least
one low-frequency receiving antenna are in communication.
[0060] In one embodiment, the transmitting antenna has a
solid angle of a size commensurable to an angular size of the
receiving antenna.

[0061] In one embodiment, the an operating frequency of
the electromagnetic wave of the transmitting antenna is
selected to provides a skin depth of a medium outside the
transmitting antenna of at least 2.7r, wherein r is the distance
between the transmitting antenna and the receiving antenna.
[0062] Inone embodiment, the system further comprises a
feedback connection between the transmitting antenna and
the receiving antenna.

[0063] Inone embodiment, the low frequency transmitting
antenna is arranged in a building and the low frequency
receiving antenna is mounted on a mobile device.

[0064] In one embodiment, the mobile device is selected
from the group of: notebooks, mobile phones, PDAs, smart-
phones, tablets.

[0065] In one embodiment, the low frequency receiving
antenna is mounted on an electric vehicle.

[0066] Inoneembodiment, the system operates in the mode
selecting from the group of: a diffraction mode, a transmis-
sion mode or combination thereof.

[0067] According to a fifth aspect of the invention, a low
frequency antenna for radiating/receiving an electromagnetic
wave is provided, the antenna comprising: a feed port con-
nectable to a transmission line; an antenna conductor con-
nected to the feed port; and an encapsulation at least partially
surrounding the antenna conductor, wherein the encapsula-
tion has the encapsulation permeability, the encapsulation
conductivity and the encapsulation permittivity, wherein the
encapsulation comprises a plurality of alternating first arcas
and second areas, wherein each first area are characterized by
a first area permeability, a first area conductivity and a first
area permittivity; each second area are characterized by a
second area permeability, a second area conductivity and a
second area permittivity; and the first area permeability, the
first area conductivity and the first area permittivity are higher
than the second area permeability, the second area conduc-
tivity and the second area permittivity, and wherein the ratio
ofa first area permeability to a first area permittivity is invari-
able and equal to the ratio of a second area permeability to a
second area permittivity.

[0068] In one embodiment, an extension of each second
area is no more than 1oL, wherein Lisa length of the antenna
conductor. Fach second area is air.

[0069] Various objects, features, embodiments and advan-
tages of the present invention will become more apparent
from the following detailed description of the preferred
embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0070] FIG.11is a schematic cross-sectional view of encap-
sulated linear center-fed antenna;

[0071] FIG. 2 illustrates Table 1 containing materials with
high permeability and high or low conductivity;

[0072] FIG. 3 illustrates Table 2 containing materials with
high permittivity;

[0073] FIG. 4 illustrates Table 3 containing materials with
moderate or low conductivity;
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[0074] FIG. 5 is a schematic diagram of an encapsulated
loop antenna with variable material parameter along the
antenna conductor axis;

[0075] FIG. 6 illustrates a distribution of encapsulation
conductivity along the antenna conductor axis of the antenna
of FIG. 5;

[0076] FIG. 7 illustrates dependence between the directiv-
ity of the antenna and a gradient of the encapsulation conduc-
tivity of the antenna of FIG. 5;

[0077] FIG. 8is an embodiment of an antenna system com-
prising the loop antenna of FIG. 5;

[0078] FIG. 9 is a perspective view of an embodiment of a
linear antenna;

[0079] FIG. 10 is a perspective view of an embodiment of
an antenna system comprising the linear antennas of FIG. 8.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0080] Described herein are embodiments of compact low-
frequency antenna and array of antennas with enhanced
radiation power.

[0081] As used herein “an antenna conductor” refers to a
metallic element of the antenna by which electromagnetic
waves are sent out or received.

[0082] As used herein “an encapsulation” refers to an
enclosure fully or partially surrounding the antenna conduc-
tor.

[0083] As used herein “a feed point” refers to a place at
which power is fed into the antenna.

[0084] As used herein the term “core” is interchangeable
with “a core part” and refers to an internal part of the encap-
sulation surrounding the antenna conductor. In an embodi-
ment, the core provides matching the wavelength 2., . of
the compressed wave to the physical size L of the antenna
conductor.

[0085] As used herein “an external part” refers to a part of
the encapsulation at least partially surrounding the core part.
In an embodiment, the external part functions to match intrin-
sic impedance of the encapsulation to intrinsic impedance of
the outer medium.

[0086] As used herein the term “permittivity” is inter-
changeable with “relative permittivity” and refers to a per-
mittivity of the given material with respect to that in the
vacuum.

[0087] As used herein the term “permeability” is inter-
changeable with “a relative permeability” and refers to a
permeability of the given material with respect to that in the
vacuum.

[0088] As used herein the term “encapsulation permeabil-
ity” is interchangeable with “encapsulation external part per-
meability” and refers to a permeability of the external part of
the encapsulation.

[0089] As used herein the term “encapsulation permittiv-
ity” is interchangeable with “encapsulation external part per-
mittivity” and refers to a permittivity of the external part of
the encapsulation.

[0090] As used herein the term “encapsulation conductiv-
ity” is interchangeable with “encapsulation external part con-
ductivity” and refers to a conductivity of the external part of
the encapsulation.

[0091] As used herein the term “complex permittivity”
refers to a complex meaning of the permittivity and can be
expressed by the formulae €, =C+io/w.

comp
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[0092] In order to provide such compact antenna systems,
one goal of the embodiments described herein is to reduce the
physical size of the antenna conductor needed to match the
wavelength of the radiated wave. This can be accomplished
by immersing the antenna conductor in an encapsulation hav-
ing the encapsulation permittivity €_,. (hereinafter also
referred as relative encapsulation permittivity), the encapsu-
lation permeability 1, . (hereinafter also referred as relative
encapsulation permeability), and the encapsulation conduc-
ivity o, parameters, having magnitudes selected to provide
a required wavelength compression of the electromagnetic
wave passing through said encapsulation.

[0093] Another goal achieved by the embodiments
described herein is to enhance radiation directivity gain. This
can be achieved by spatial non-uniform dispersion of the
encapsulation parameters which leads to asymmetric pattern
of radiation field along the radiation axis.

[0094] Yet another goal achieved by the embodiments
described herein is to reduce reactive impedance and enhance
radiation resistance by providing special design of the encap-
sulation.

[0095] Inanembodiment ofthe invention, the materials and
design of the encapsulation are chosen so that the combina-
tion of all three parameters permeability, permittivity and
conductivity provides the achievement of a desired wave-
length compression or lowest resonant frequency when outer
medium wavelength A dominates the size of the antenna.
Further advantages include providing the wave impedance of
the antenna matching the wave impedance of the transmission
lines, high gain, radiation pattern, sufficiently broad band-
width if necessary. In practice, the material choice and the
range of the parameter values is dictated by the particular
application specified by the operational frequency range,
required bandwidth and Q-factor, directivity gain, total radi-
ated power, physical size of the antenna. Besides, fabrication
of the composite materials with multiple parameters, i.e.
including more than one out of permittivity, permeability and
conductivity is a technical challenge on its own as the mate-
rials resultant parameters may not be a simple additive and the
functionality may depend on issues such as inter-granular
coupling, thermal budget by synthesis, as well as the fre-
quency range and the field intensity. This subject is beyond
the scope of the present disclosure.

[0096] As mentioned above, one of the restrictions on the
parameters is dictated by the targeted bandwidth. Materials
with high conductivity and/or dielectric constants are suitable
if this specification is the least of all requirements, on the
other hand materials with high permeability are required in
the range of the operational frequencies if a broader band-
width s targeted.

[0097] FIG. 1 illustrates schematically a cross-sectional
view of an embodiment of a low-frequency antenna 10. The
antenna 10 comprises an antenna conductor 11 entirely
enclosed by a cylindrical encapsulation 12. The antenna con-
ductor 11 comprises two linear conductors 111 and 112 of a
total length. Inner ends of the conductors 111, 112 are con-
nected to the transmission line with a feed port (not shown).
The encapsulation 12 has a core part 13 adjacent to the
antenna conductor 11 and external part 14 adjacent to the core
part 13. The external part 12 has a radius D and can be made
of material with the permittivity €,_,, the permeability 1.,
and the conductivity o, parameters increase along at least
one direction within the external part 14 of the encapsulation
12 from the core part 13 to the periphery ofthe encapsulation
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12. The core part 13 has extension of at least /4. Values of the
permittivity €, and permeability ., and conductivity .,
in the core part 13 are invariable to provide uniform wave-
length compression in the core part 13.

[0098] This structure of the core part 13 provides matching
thewavelength &, of the compressed wave to the physical
size L of the antenna conductor 11. This can be expressed by
the relationship:

)
P4

Acompr ~ ~L

2 A
oz 1 T
wpttbre €2, + —22 | cos —tan*l(l)
w? 2 WEore

[0099] where €, is the encapsulation external part per-
mittivity, 1, 1s the encapsulation external part permeability
and o, is the encapsulation external part conductivity,
o=2xfis angular frequency.

[0100] For example, to match the antenna conductor length
L=0.05mandf,,_, ....~500kHz, the encapsulation core part
is made of a composite material containing barium titanate
ceramic, ferrite and amorphous carbon, and has relative
encapsulation core permittivity €_,,,=100, relative encapsu-
lation core permeability p_,.=100, and encapsulation core
conductivity o,.,,,=20 S/m.

[0101] Inoneembodiment, the encapsulation external part
permittivity €__, the encapsulation external part permeability
L., are selected to match wave impedance within external
part to wave impedance in the outer medium adjacent to the

encapsulation. This can be expressed by the relationship:
S/ End =AM e o)
[0102] wherein p,,, is out medium permeability and €, is
out medium permittivity.
[0103] Insome cases acomplex permittivity of the external
part and a complex permittivity of the outer medium can be
used instead of permittivity of the external part and permit-
tivity of the outer medium respectively.
[0104] Forexample, the outer medium is air having relative
permeability u =1, relative permittivity €,,,~1, and the
encapsulation external part is made of the composite material
sintered with the pellets of the ferrite and powder of barium
titanate ceramic, and has relative permeability p,.,=100 and
relative permittivity €,,,=100. The wave frequency compres-
sion factor 1s sqrt(u,,, E,.,/sqrt(y,,, €,,.)~100.
[0105] In a preferred embodiment, the said three param-
eters, ie. permittivity, permeability, and conductivity
increases, either continuously or non-continuously from the
core part to the periphery within the external part 14 of the
encapsulation 12 to match intrinsic impedance of the encap-
sulation to intrinsic impedance of the outer medium.
[0106] Inone embodiment, the encapsulation external part
permeability is varied in the range 5-10 times of that in the
core, inparticularly, 5,6,7, 8, 9 or 10 times, and continuously
or step-wise increasing on one side of the core in the direction
from the periphery of the external part of the encapsulation to
the core, and continuously or step-wise increasing on the
opposite side of the core part 13 in the direction from the core
to the periphery of the external part of the encapsulation, the
ratio of the parameters including permittivity, permeability
and conductivity in the external part of the encapsulation is
kept equal to that in the core part.
[0107] Inoneembodiment, the encapsulation external part
permittivity is varied in the range 5-10 times of thatin the core
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part, in particularly, 5, 6, 7, 8, 9 or 10 times, and continuously
or step-wise increasing on one side of the core in the direction
from the periphery of the external part of the encapsulation to
the core, and continuously or step-wise increasing on the
opposite side of the core in the direction from the core to the
periphery of the external part of the encapsulation, the ratio of
the parameters including permittivity, permeability and con-
ductivity in the external part of the encapsulation is kept equal
1o that in the core region.

[0108] Inone embodiment, the encapsulation external part
conductivity is varied in the range 5-10 times of that in the
core, in particularly, 5, 6,7, 8,9 or 10 times, and continuously
or step-wise increasing on one side of the core in the direction
from the periphery of the external part of the encapsulation to
the core, and continuously or step-wise increasing on the
opposite side of the core in the direction from the core to the
periphery of the external part of the encapsulation, the ratio of
the parameters including permittivity, permeability and con-
ductivity inthe external part of the encapsulation is kept equal
to that in the core region.

[0109] In one embodiment, the external part 14 has a non-
uniform distribution of the material parameters to enhance
directivity gain. To fulfill this, the external part 14 may
include regions with higher values for the material parameters
on one side of the encapsulation 12 and lower values on the
opposite side of the encapsulation 12.

[0110] Forexample, the external part is prepared as a result
of sintering of the ceramic powder BaTiO, of a high permit-
tivity €,,,~1000 with ferrite pellets of a high permeability
It.~1000, in order to achieve a combined effect of the wave
compression in the core part 13. The relative gain in this case
can be made as high as 1000.

[0111] In one embodiment, the external part comprises the
following materials suitable for wave compression, but is not
limited by those materials. Materials with high permeability
and high/low conductivity can be selected from the list of:
metallic glass, nanoperm, mu-metal, permalloy, electrical
steel, Ni—Zn ferrites, Mn—7n ferrites, steel, Fe,,Co,,V.,
Fe;% Si, Fey;,Co,4B 481, NisoFes, permalloy, Fe,; ;51,5
sNb;B,Cu, finement, Ni,;Fe, -Mo, supermalloy. Materials
with high permittivity can be selected from the list of: tita-
nium dioxide, strontium titanate, barium strontium titanate,
barium titanate, lead zirconate titanate, conjugated polymers,
calcium copper titanate. Materials with moderate/low con-
ductivity can be selected from the list of: amorphous carbon,
graphite carbon, constantan, GaAs, manganin, mercury.

[0112] The materials listed above can also be combined,
either by means of high-temperature sintering, or by embed-
ding into a polymer host, or by a hetero-structural design of
the encapsulation structure when layers of different materials
is alternating,

[0113] Targeted material parameters such as permeability
and permittivity are achievable either through texturing dur-
ing material fabrication, through stoichiometric manipulation
while material growth, applying a quenching method such as
a static external field while material growth, or combination
of above methods. An example here is given to demonstrate
how a targeted relative permeability . can be achieved using
stoichiometry fora given amplitude of the magnetic induction
(flux density) B, measured in Gauss, the latter determined by
the amplitude of the current in the antenna conductor, which
inits turn is determined by the required radiation power. If the
magnetic induction at maximum is 4000 Gauss to achieve a
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required power of radiation, then the following stoichiomet-
ric formulas can be used to achieve the desirable relative
permittivity:

45 Permalloy (45% Ni 55% Fe):p1,=20.000

3.8-78.5 Cr-Permalloy (3.8% Cr, 78.5% N1,17.7%
Fe): 1,=56.000

3.8-78.5 Mo-Permalloy (3.8% Mo,78.5% Ni,17.7%
Fe): 11,=72.000

78.5 Permalloy (78.5% Ni,21.5% Fe): 1,=96.000

[0114] Other examples of designing materials with a tar-
geted permeability using special heat treatment of magnetic
alloys including permalloys are given in “Magnetic Alloys of
Iron, Nickel, and Cobalt”, Bell System Technical Journal by
G. W. Elmen (1950). Another example of designing materials
with a targeted dielectric permittivity is (Ba_ [1-x],Sr_x)
TiO3 ceramic systems, which all are featured by common
perovskite structure, involves using both stoichiometry and
texture. As a general method of growing polycrystalline
material, liquid sintering of granular barium oxide, titanium
oxide and strontium oxide is being used to achieve certain
permittivity within wide range of frequencies. In general,
permittivity of the material depends on the granular size
sintered in a texture, and the amount of substitution of Ba with
Sr—permittivity scales roughly as a linear function of x con-
tent in fornula (Ba_ [1-x], Sr_x)TiO3. Relative permittivity
of one end material BaTiO3 (x=1) obtained by sintering of
highly dense oxide precursors can get as high as 12.000,
whereas another end material SrTiO3 (x=0) has a permittivity
0f 330 at room temperature as measured at 1 kHz (see M. E.
Lines. Principles and Applications of Ferroelectrics and
Related Materials//Oxford University Press, 1977).

[0115] Another example of fabricating materials with a
certain conductivity involves using carbon black powder of a
certain granular size embedded into a polymer. The conduc-
tivity of carbon black in styrene-butadiene rubber is shown to
scale as a cubic root of carbon concentration due to the effect
of electrical percolation and can be changed from 1 S/m to
10,000 S/m if specific concentration of carbon black is
increased from 2% to 20%, as shown e.g. in “Conductive
Carbon black” from “Carbon black: Science and Technol-
ogy” by N. Probst (1993).

[0116] Further, the encapsulation 12 can be obtained by
fabrication of a composite or textured material using an
embedding method of functional components into a polymer
host. In one such embodiment, a ceramic powder such as
CCTO or PZT, and permeable pellets such as of Ferrite or
mu-metal is embedded into a polymer host such as Polyvi-
nylidene Difluoride (PVDE2) or epoxy. This method is con-
venient to achieve a gradual change of the material param-
eters across the external part 14 of the encapsulation 12 to
meet the above requirements.

[0117] The antenna 10 in accordance with the preferred
embodiment comprises the antenna conductor 11 having the
overall length varying in the range of 0.01-1 m. The antenna
conductor 11 is made of material selected from the group of:
cupper, aluminum, stainless steel. The encapsulation is
shaped as a cylinder with the radius varying in the range of
0.02-2 m and the height varying in the range of 0.011-1.1 m.
The core part 13 is formed as a cylinder and has the radius
varying in the range 0f 0.015-1.5 m and the height varying in
the range of 0.011-1.1 m. The external part 14 is formed as
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two one-half cylinders of the radius varying in the range of
0.02-2 m and the height varying in the range 0o 0.011-1.1 m.
The encapsulation external part permeability, the encapsula-
tion external part conductivity and the encapsulation external
part permittivity increase along at least one direction within
the external part of the encapsulation from the core part to the
periphery of the external part 14 by the factor of 5-20, in
particularly by the factor 5, 6,7,8,9,10,11,12, 13, 14,15, 16,
17,18, 19 or 20.

[0118] In a particular realization, the antenna conductor is
made from copper and has diameter of 0.001 m. The length of
the antenna conductor 11 is varying in the range 0f 0.01-0.05
m. The external part 14 is made of barium titanate with
permittivity varying in the range of 100-1000, ferrite with
permeability varying in the range of 100-10000 and carbon
texture with conductivity varying in the rage of 20-1000 S/m.
The core part 13 has the radius varying in the range of 0.015-
0.075 m and the height varying in the range 0£0.011-0.055 m.
The external part 14 has the radius varying in the range of
0.02-0.01 m and the height varying in the range of 0.011-0.
055 m.

[0119] Inanotherparticular realization the antenna conduc-
tor is made from aluminum, has the diameter of 0.004 m and
the length varying in the range 0f 0.04-01 m. The external part
14 is made of composite material containing titanium dioxide
with permittivity varying in the range of 86-173, electrical
steel with permeability varying in the range of 1000-4000 and
constantan with conductivity varying up to 10° S/m. The core
part has the radius varying in the range of 0.053-0.13 m and
the height varying in the range of 0.09-0.023 m. The external
part has the radius varying in the range 0f 0.08-0.2 m and the
height varying in the range of 0.09-0.023 m.

[0120] Inanotherparticular realization the antenna conduc-
tor is made from copper, has the diameter of 0.008 m and the
length varying in the range 0f 0.08-015 m. The external part
141s made of composite material containing conjugated poly-
mer with permittivity varying in the range of 10-100000,
permalloy with permeability varying in the range of 1000-
8000 and amorphous carbon with conductivity varying in the
range 0f 20-1000 S/m. The core part has the radius varying in
the range 0f 0.083-0.23 m and the height varying in the range
01 0.088-0.016 m. The external part has the radius varying in
the range of 0.16-0.3 m and the height varying in the range of
0.088-0.016 m.

[0121] Inanotherparticular realization the antenna conduc-
tor is made from copper, has the diameter of 0.01 m and the
length varying in the range of 0.12-0.25 m. The external part
14 is made of composite material containing lead zirconate
titanate with permittivity varying in the range of 500-6000,
Ferrite (NiZn) with permeability varying in the range of
16-640 and amorphous carbon with conductivity varying in
the range 0of 20-1000 S/m. The core part has the radius varying
in the range of 0.14-0.33 m and the height varying in the range
0f0.25-0.51 m. The external part has the radius varying in the
range of 0.24-0.5 m and the height varying in the range of
0.13-0.26 m.

[0122] Inanotherparticular realization the antenna conduc-
tor is made from copper, has the diameter of 0.02 m and the
length varying in the range of 0.25-0.75 m. The external part
14 is made of composite material containing barium stron-
tium titanate with permittivity varying in the range of 200-
500, NiZn ferrites with permeability varying in the range of
16-640 and manganin with conductivity varying in the range
0f1.9-10%-2.07-10° S/m. The core part has the radius varying
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in the range of 0.33-1.0 m and the height varying in the range
0f 0.51-1.6 m. The external part has the radius varying in the
range of 0.5-1.5 m and the height varying in the range of
0.51-1.6 m.

[0123] Inanother particular realization the antenna conduc-
tor is made from copper, has the diameter of 0.03 m and the
length varying in the range of 0.60-1.00 m. The external part
14 is made of composite material containing CaCu;Ti40, ,
with permittivity varying in the range of 250000-10°, permal-
loy with permeability varying in the range of 4000-8000. The
core part has the radius varying in the range 0f 0.8-1.33 m and
the height varying in the range of 0.61-1.1 m. The external
part has the radius varying in the range of 1.20-2.00 m and the
height varying in the range of 0.61-1.0 m.

[0124] It will be understood by those skilled in the art that
the antenna 10 can have other shapes and materials than those
mentioned above.

[0125] Characteristics of indicated above materials suitable
for wavelength compression are given in Table 1 on FIG. 2,
Table 2 on FIG. 3, and Table 3 on FIG. 4. Compressing factor
stands for the wavelength in the encapsulation material rela-
tive to that in the air at a given frequency.

[0126] It should be noted that the wave compressing factor
is frequency-dependent if a conducting encapsulation mate-
rial is used. The listed materials can also be combined, either
by means of high-temperature sintering, or by embedding
into a polymer host, or by a hetero-structural design of the
envelope structure when layers of different materials is alter-
nating.

[0127] In one embodiment the antenna 10 comprises at
least one heat sink (not shown) in order to dissipate heat
generated by the antenna and, therefore, to provide at least
one stable operating temperature of the encapsulation. This at
least one stable operating temperature ensures stable values
of the encapsulation external part permeability, the encapsu-
lation external part conductivity and the encapsulation exter-
nal part permittivity at working range of temperature. The
heat sink can be implemented as a structural element of the
antenna. For example, the encapsulation can have slotted
structure which provides heat sink function. In other cases
this structure can be combined with a forced fluid cooling
system. An example of the fluid cooling system is antenna
conductor performed in the form of a pipe with coolant flow-
ing through.

[0128] Inoneembodiment, the encapsulation 12 has a rein-
forcement enhancing mechanical strength of the encapsula-
tion 12 and preventing its damage due to vibration, shaking,
or another external impact. The reinforcement can be imple-
mented either as a structural element of the antenna or as an
element of the encapsulation. For example, composite poly-
mer materials such as fiber-reinforced plastic including
epoxy, carbon fiber, vinylester, polyester thermosetting plas-
tic, phenol formaldehyde resins, glass fiber with relative per-
mittivity much smaller than the minimum encapsulation
external part permittivity or than minimum encapsulation
external part conductivity over the operational angular fre-
quency is suitable for structural reinforcement and electric
insulation at the same time.

[0129] In one embodiment, the encapsulation comprises a
coating layer preventing oxidation of the encapsulation as a
result of exposure to environment.

[0130] Inone embodiment the external part has a structure
selected from the group consisting of materials with continu-
ously or step-wise changing parameters along an imaginable
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line going through the mid-point of the core part, so that a
wave impedance is unchanged along the line.

[0131] There are different feeding schemes can be used to
feed the antenna 10. For example, the feeding scheme can be
selected from the group consisting of: coaxial probe, aperture
coupling with a, aperture coupling with a coaxial feedline,
aperture coupling with coaxial feedline, waveguide coupled
aperture, coplanar feed, soldered through probe, slot line,
conformal strip, and direct image guide. This makes antennas
easy to integrate with existing technologies.

[0132] FIG. 5 shows an embodiment of a low-frequency
antenna 50 comprising an antenna conductor 51 entirely
immersed in an encapsulation 52. The antenna conductor 51
is formed as a loop of radius R and of length L. The encap-
sulation 52 has a core part 53 and an external part 54. The core
part 53 is arranged around antenna conductor 51 and has an
extension of no less than [./2 around the antenna conductor.
The core part 53 has the invariable encapsulation core per-
mittivity, the encapsulation core permeability, and the encap-
sulation core conductivity to provide uniform wavelength
compression. The external part 54 has the encapsulation
external part permittivity, the encapsulation external part per-
meability, and the encapsulation external part conductivity,
where the encapsulation external part conductivity is linearly
varied along the antenna conductor axis z, from a maximum
onthe back (-z) of the encapsulation 52 to a value in the core
part 53 and then dropping on the front (+z). Dependence
between the directivity of the antenna and the gradient of
encapsulation conductivity shown on FIG. 6 demonstrates
existence of the directivity optimum when conductivity
changed within encapsulation.

[0133] Forexample, if the encapsulation 52 has size D=2R,
where R=0.05 m is a radius of the antenna conductor 51, the
directivity optimum is achieved in the external part of the
encapsulation 52 where the encapsulation external part con-
ductivity g, changes from 5 S/m to 0.5 S/m, as shown on
FIG. 7.

[0134] In one embodiment, different geometries of the
dielectric encapsulation 52 are used to enhance bandwidth.
The encapsulation may be designed as cylindrical disk, split
cylinder, sectored cylinder, cylindrical rings, triangle, rect-
angle, notched rectangle, chamfered encapsulation, cone,
ellipsoid, sphere, hemisphere, spherical cap, tetrahedron, per-
forated encapsulation, stepped encapsulation, or any combi-
nation thereof.

[0135] For example, modification of the dielectric encap-
sulation 52 in the form of a stepped pyramid or cylinder has an
ultra wideband as high as 60 percent. Further, modification of
the encapsulation 52 in the form of split conical has high
wideband about 50 percent. An inverted tetrahedral encapsu-
lation exhibits a wide bandwidth of about 40 percent (Ahmed
A. at al, Dielectric Resonator Antenna. Antenna Engineering
handbook, Chapter 17).

[0136] In one embodiment, the antenna conductor 51 is
shaped as a circular loop, square loop, diamond loop or other
axially symmetric loop.

[0137] In one embodiment an array of antennas comprises
a plurality of low-frequency antennas for radiating/receiving
an electromagnetic wave and a coupling arrangement
between said plurality of low-frequency antennas. Each of
said antennas accomplished as antennas described above with
references to FIG. 1-7.

[0138] Itis preferably, if the array of antennas comprises a
plurality of phasers individual for each antenna.
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[0139] Further, the array of antennas configured as one-
dimensional antenna array or as two-dimensional antenna
array.

[0140] The array of antennas is used to control of low-
frequency radiation pattern. In order to have an active control
over the beam-width and its scanning angle, the method of the
phased arrays is applied here to a set of N encapsulated
resonant transmitter antennas, which are distributed and ori-
ented in a certain spatial configuration. The amplitude and
phase excitations of each transmitter antenna can be individu-
ally controlled to form a radiated beam of any desired shape
in space in order to minimize the power losses and enhance
real time scanning capabilities. The position of the beam in
space is controlled electronically by adjusting the phase of the
excitation signals at the individual transmitting antenna. In
accord with the phased array technology, the beam scanning
is accomplished with the antenna aperture remaining fixed in
space without the involvement of mechanical motion in the
scanning process.

[0141] The capability of rapid and accurate beam scanning
in microseconds permits the system to perform multiple func-
tions, either interlaced in time or simultaneously. An elec-
tronically steered antenna array is able to track a large number
of targets and illuminate some of these targets with EM
energy if additionally a feedback system between transmit-
ting antenna and receiving antenna is being used to optimize
the wireless power transfer or communication quality.

[0142] An example of such a realization, a set of N linear
center-fed encapsulated transmitting antennas is arranged in a
linear array equally spaced along a line. The criterion of the
grating (side) lobes being suppressed at a scanning angle A is
determined by the ratio between the transmitting antennas
spacing d and the wavelength A in the outer medium, which
should be less than 1+sin(A). In all those low-frequency 100
Hz-1 MHz applications which involves air as the outer
medium, this criterion is fulfilled due to large wavelength
from 3000 km to 300 m, which at any reasonable spacing d
(being much less than the wavelength) implies no grating
lobes of radiation. Hence, the design of the phased array at
low frequencies is dictated by the requirements for the direc-
tivity, beam-width (power transfer application), bandwidth
(communication application) and the total radiated power. In
fact, since phase differences between the array transmitting
antennas by synchronized feeding are negligibly small as
compared to the wavelength (d<<) the actual array configu-
ration at lower frequencies has an impact on the resultant
radiation pattern mostly through the directivity of the indi-
vidual transmitting antennas. For example, if all linear trans-
mitting antennas are aligned along a line, then the radiation
pattern is flattened in the equatorial plane with no side lobes,
even if the actual spacing between transmitting antennas is
randomized. Such a narrow beam width at distances much
smaller than the wavelength provides with high resolution of
detection if the array is used for aremote detection of mineral
deposits, hidden/exposed objects as employed within the
radar technology. A network of phasers (phase shifters, delay
phase-type elements) can also be used to actively control the
radiation scanning rate and the beam-width without an actual
mechanical moving of the array. Both amplitude tapering and
phase tapering methods can be used in a way similar to the
arrays of ordinary isotropic transmitting antennas (as
described e.g. in Hansen R. C. Phased Arrays//Antenna Engi-
neering Handbook, 2007, Chapter 20).
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[0143] For example, by placing N elementary enveloped
loop transmitting antennas within a circular area and center-
feeding outer transmitting antenna such that their phases are
shifted with respect to those of the inner transmitting antenna
fed by the same power generator, all implemented through a
manifold of the individual phasers, an additional narrowing
of the beam can be realized due to cancellation of the elec-
tromagnetic signals in the outer shell of the radiated beam.
Due to reciprocity theorem, same methods of the phased
arrays apply also to the array of the receiving antennas.
[0144] FIG. 8 shows an embodiment of'an antenna array 80,
comprising plurality of antennas 81. Each antenna 81 has an
antenna conductor 82 in the form of a loop entirely immersed
in cylindrical encapsulation 83. The encapsulation 83 has a
step-wise configuration and is made by stacking the func-
tional layers in alternating order, where the layers have a mesh
design such that at least a 2-2 type connectivity is achieved.
Each layer has certain functionality, either dielectric, perme-
able. conducting, or their combination. For example, the
encapsulation 83 comprises two external parts in the form of
a bottom layer 831 and a top layer 833, and a core part layer
832 arranged between the bottom layer 831 and the top layer
833. Each of the layers has different value of permittivity,
permeability, and conductivity. For example, bottom layer
831 have low ratio of conductivity and permeability, core part
layer 832 have medium ratio of conductivity and permeabil-
ity, and top layer 833 have high ratio of conductivity and
permeability. Thus, the ratio of the conductivity and perme-
ability is varied along the encapsulation axis.

[0145] Further, the individual phasers (not shown) are used
to establish the phase shift between antennas in order to
control the array main lobe scanning without mechanical
motion and the beam width.

[0146] The antenna array 80 in accordance with one of the
preferred embodiments comprise plurality of antennas 81
each of which has the loop antenna conductor with the radius
of loop varying in the range of 0.05-1 m. The antenna con-
ductor 11 is made of material selected from the group of’
cupper, aluminum, stainless steel. The bottom layer is shaped
as a cylinder with the radius varying in the range 0 0.15-3 m
and the height varying in the range of 0.05-1 m. The core part
layer is shaped as a cylinder and has the radius varying in the
range 0f 0.1-2 m and the height varying in the range 0f 0.05-1
m. The top layer is shaped as a cylinder with the radius
varying in the range 0of 0.075-1.66 m and the height varying in
the range of 0.05-1 m.

[0147] Forexample, the antenna conductor is made of cop-
per and has the radius varying in the range of 0.05-0.1 m and
diameter of 0.005 m. The bottom layer has the radius varying
in the range of 0.15-0.3 m. The core part layer has the radius
varying in the range of 0.1 m to 0.2 m. The top layer has the
radius varying in the range of 0.075-0.13 m. Each layer has
the height ranging from 0.05 m to 0.1 m. Each layer of the
encapsulation is made of composite material containing
barium strontium titanate with permittivity varying in the
range of 200-500, NiZn ferrites with permeability varying in
the range of 16-640 and manganin with conductivity varying
in the range 1.9-10-2.07-10° S/m.

[0148] In another example, the antenna conductor made of
copper and has the radius varying in the range 0f0.08-0.12 m
and diameter of 0.004 m. The bottom layer has the radius
varying in the range of 0.18-0.27 m. The core part layer has
the radius varying in the range of 0.08 m to 0.12 m. The top
layer has the radius varying in the range of 0.12-0.18 m. Each
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layer has the height ranging from 0.06 m to 0.09 m. Each layer
of the encapsulation is made of composite material contain-
ing conjugated polymer with permittivity varying in the range
of 10-100,000, permalloy with permeability varying in the
range of 4000-8000 and amorphous carbon with conductivity
varying in the range 20-1000 S/m.

[0149] In one more example, the antenna conductor made
of copper and has the radius varying in the range of 0.12-0.6
m and diameter of 0.005 m. The bottom layer has the radius
varying in the range of 0.27-1.35 m. The core part layer has
the radius varying in the range of 0.18 m to 0.9 m. The top
layer has the radius varying in the range of 0.12-0.6 m. Each
layer has the height ranging from 0.09 mto 0.45 m. Fach layer
of the encapsulation is made of composite material contain-
ing barium titanate with permittivity varying in the range of
500-10000, permalloy with permeability varying in the range
0f 4000-8000 and amorphous carbon with conductivity vary-
ing in the range 10-1000 S/m.

[0150] In one more example, the antenna conductor made
of copper and has the radius varying in the range 0of 0.5-1 m
and diameter of 0.005 m. The bottom layer has the radius
varying in the range of 1.5-3 m. The core part layer has the
radius varying in the range of 0.75 m to 1.5 m. The top layer
has the radius varying in the range of 0.5-1.0 m. Each layer
has the height ranging from 1 m to 2 m. Each layer of the
encapsulation is made of composite material containing
barium titanate with permittivity varying in the range of 500-
10000, permalloy with permeability varying in the range of
4000-8000 and GaAs with conductivity varying in the range
1-1000 S/m.

[0151] For example, the bottom layer 831 of the antenna 81
has thickness 0of 0.05 m and diameter of 0.20 m and is made of
a composite material engineered from amorphous carbon
with conductivity of 15 S/m and ferrite with relative perme-
ability of 100, and. The core part layer 832 has thickness of
0.05 m and diameter of 0.15 m, and is made of a composite
material engineered from amorphous carbon with conductiv-
ity of 10 S/m and ferrite with relative permeability 100. The
top layer 833 has thickness of 0.05 m and diameter D=0.1 m,
and is made of a composite material engineered from amor-
phous carbon with conductivity of 5 S/m and ferrite with
relative permeability of 100. The antenna conductor 82 has
radius R=0.05. This structure of the antenna system provides
with a high directivity gain of 13 dB and the wave frequency
compression factor of 16000.

[0152] The antenna array 80 can comprise a backing or
lensing material 84 having a high magnetic permeability for
enhanced directivity gain. The magnetic permeability of the
lensing material 84 is higher than magnetic permeability in
the core part more than 5 times. Thus, the lensing material 84
traps the electromagnetic wave generated by antenna conduc-
tor 82, causing the electromagnetic wave to reverse or shift
direction back towards the first direction. Exemplary high
permeable materials include iron, some permanent magnets,
some rare earth materials, etc.

[0153] FIG. 9illustrates anembodiment of a low-frequency
antenna 90. The antenna 90 comprises a center-fed linear
antenna conductor 91 entirely immersed in an encapsulation
92. The encapsulation 92 comprises a plurality of first areas
93 and a plurality of second areas 94. The first area 93 is
characterized by a first area permeability |1, and the first area
permittivity €, . The second area is characterized by a second
area permeability |1, and second area permittivity €,. The first
area permeability i, the first area permittivity €, and the
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second area permeability |1, and second area permittivity €2
are invariable from point to point. Each second area 94 is
formed as a slot. It is preferably if each slot is filled with a
material which corresponds to the medium where antenna is
expected to be used. For example, slots are air-filled if
antenna is in the air. The ratio between the parameters is set
equal, OJ,00,00000000,00,, so that the wave-compressing
factor

E1M1
fwc = _— > 1
\/ &2z

[0154] may be achieved without changing the wave imped-
ance Z ~sqrt(C],00,) by moving from the interior to the
exterior of the encapsulation 92.

[0155] Thethickness and number of eachslot 94 can vary to
achieve certain combination of enhanced radiation resistance,
reduced reactive impedance, bandwidth, directivity etc.
[0156] Tt is preferably if thickness of the slots 94 does not
exceed Yio L, where L is a length of the antenna conductor 91
10 provide uniform material parameters in the core part and to
meet the wave impedance matching condition.

[0157] The antenna conductor 91 is preferably cladded
with an insulator having the thickness not exceeding “iooL,
where L is a length of the antenna conductor 91. The maxi-
mum radiation resistance at an operating resonant frequency
is achieved at a vanishing thickness of the insulator.

[0158] To achieve an enhanced omni-directional power
gain for TMO019 (Transversal Magnetic) mode of radiation,
the first area 93 can be made of amorphous carbon having
conductivity of 0,=17 S/m and pressed into a circular ring of
thickness 5 mm. The number of the rings is 18. The overall
height of the encapsulation 92 is varying in the range of
0.51-1.1 m, the radius of the circular ring is varying in the
range of 0.5-1.1 m. The second areas is formed as a slots. The
number of the slots is 17, each of which has thickness 0.1 cm
and is filled with ferrite with the relative permeability 1,=100.

[0159] The antenna conductor 91 consists of two pieces of
copper wire having diameter 4 mm, and length varying in the
range 0f0.5-1.0 m with mid-gap. The antenna conductor 91 is
insulated by Teflon tape.

[0160] The second areas 94 is placed equidistantly such
that no the second areas 94 is arranged in the middle of the
encapsulation 92, where the feed port (not shown) is located.
Transmission lines are attached directly to the inner ends (not
shown) of the antenna conductor pieces.

[0161] In one example, the lowest resonant frequency
mode in presence of the encapsulation 92 is set at 12 MHz,
with the radiation resistance of R,=1.5 Ohm and the total
radiation power of P,=100 Watt at 100 Volt of the input
voltage, with 50 Ohm of the input impedance. The second
areas 94 provide impedance matching to compensate the
capacitive reactance of Z,,,=1/0.0027 nFx12 MHz=4.4e+6
Ohm of the antenna. The bandwidth with wave matching
encapsulation mounts to 2 MHz.

[0162] In contract, assuming that the total radiation power
P =100 Watt at 100 Volt of the input voltage, with 50 Ohm of
the input impedance, the natural lowest resonance of the same
radiating unit with no encapsulation is 140 MHz with the
radiation resistance of R,=0.03 Ohm, In this case the band-
width with wave matching encapsulation mounts to 20 MHz.
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[0163] Thus, aninclusion of the permeable material into the
encapsulation 92 provides increasing the bandwidth at an
operating frequency and matching the impedance of the
transmission lines.

[0164] In another embodiment, a liner centered antenna
comprises a cylindrical encapsulation 92 having second areas
93 made of MnZn ferrite with the relative permeability
1,=1000 and the conductivity o,=0.5 S/m. The encapsulation
92 is in the form of cylinder with height h=0.1 m which is
equal to the total length of the antenna conductor, and with
diameter 0.1 m. The encapsulation 92 has 18 second areas in
the form of air-filled slots 94 with thickness of 0.001 m. The
lowest resonant frequency is 500 kHz, the radiation resistance
1s 1.2 Ohm and the bandwidth is over 50 kHz.

[0165] Design of composite materials with certain permit-
tivity, permeability and conductivity can be achieved within
sintering method using powder precursors of certain granular
sizes and stoichiometry, as well as texturing such as layered
design. As an example, a two-phase composite material pos-
sessing equal permittivity and permeability to match the wave
impedance of the air, can be realized in the layered structure
along the electromagnetic wave propagation vector, e.g. alter-
nating cylinders in case of a linear center-fed encapsulated
transmitter, whereas the thickness of each layer is much
smaller than the compressed wave length. Details of design
for the layered composite materials, as well as threading-type
composite structures are e.g. described by D. S. Killips
“Composite material design and characterization for RF
applications”, 2007. For example, alternating cylindrical lay-
ers of (BaTiO3)/(Ferrite) each 0.01 m thick, permittivity
10,000 (BaTiO3), permeability 10,000 (Ferrite) linear encap-
sulated antenna with 0.1 m long antenna conductor would
provide a wave compression of roughly sqrt(10,000%10,000)
=10,000, thus lowering resonant frequency from 1.4 GHz of
same-size antenna without encapsulation to 140 kHz with
encapsulation. Other texturing design such as embedded
spherical grains and rods can also be used in fabrication of
composite materials.

[0166] FIG. 10 shows an embodiment of an antenna array
100. The antenna array 100 comprises two antennas 101,
similar to antenna 90 discussed above. Each antenna 101 has
a linear antenna conductor 102 entirely immersed in an
encapsulation 103, similar to the encapsulation 92, discussed
above, surrounding said antenna conductor 102. The encap-
sulation 102 is similar to the encapsulation 92 discussed
above.

[0167] All antennas 101 are arranged in parallel along the
transmission lines (not shown) and are fed synchronously.
The number of the antennas 101 and distance between them
can vary. The antenna array 100 can be used to achieve certain
pattern of radiation and particularly enhanced directivity
gain.

[0168] In one embodiment a system for remote sensing of
buried object comprises at least one low-frequency transmit-
ting antenna configured to radiate an electromagnetic wave to
a buried object and at least one low-frequency receiving
antenna configured to receive electromagnetic wave from at
least one low-frequency transmitting antenna. Each of the
transmitting antenna and the receiving antenna can be accom-
plished as antennas or antenna arrays described above with
references to FIG. 1-10.

[0169] The disclosed antenna system for remote sensing of
buried object can be used for different application. For
example, said antenna system can be used for remote sensing
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of mineral deposits, which involves also remote scanning of
the formations hidden in highly conductive adjacent medium,
using low frequencies. In geological survey applications,
compact low-frequency transmitting antenna with wide fre-
quency range of scanning (10 Hz-1 MHz) allow for a remote
sensing and spectral analysis of both shallow and deep min-
eral deposits without a need for bore holes drilling.

[0170] Present invention offers an advantage of using a
compact low-frequency transmitting antennas of an enhanced
directivity gain as high as 12 dB if used as a single unit with
a variable wave-compressing parameter within the encapsu-
lation, which allows for the complete 360 deg angular scan-
ning option in both azimuthal and polar planes. The measure-
ments can be performed either from the surface or an air-born
vehicle. FDTD simulations at 50 MHz and 500 KHz clearly
demonstrate the advantage of the enhanced skin depth at the
lower frequency, which is 0.8 m and 7.1 m, respectively, for
the surrounding adjacent formations which average conduc-
tivity is 0.01 S/m. Therefore, lowering frequency from 50
MHz to 500 kHz increases the range of transparency for the
electromagnetic waves by an order of magnitude, thus dimin-
ishing the absorption in the adjacent regions, before the
reflection from the mineral ore interface such as Ni—Cu—Pt
(average conductivity 0.1 S/m) takes place. The amplitude of
the reflection is determined by the relative variation of the
square root of the dielectric constant across the boundary and
does not depend on frequency. An important conclusion of the
simulations is that a complete 3D reconstruction of the geo-
logical formation can be performed remotely using the reflec-
tion mode method. The transmitting antenna operating fre-
quency lowered to 50 kHz leads to a skin depth of 23 m, in
many cases long enough to use the transmission method as
well, which can be combined with the reflection method and
performed at the same time, if additional receiving antennas
can be moved around the region of interest.

[0171] Said system for remote sensing can be used in a
reflecting mode, a diffraction mode or a transmission mode,
or their combination.

[0172] For example, the low-frequency transmitting
antenna comprises insulated antenna conductor in the form of
circular loop having antenna conductor diameter of 1 mm and
the loop radius R=0.05 mm. The transmission line has imped-
ance 3 Ohm. The encapsulation is performed in the form of
cylinder and has an external part with a relative external part
permeability u, =1, the relative external part permittivity
€,.~1 and the encapsulation conductivity o,,~0.125 S/m.
The radius of the encapsulation R=0.075 m, height h=0.5 m.
The receiving antenna represents circular ring with radius
R=0.1 m which is centered in the same plane as the transmit-
ting antenna. The input frequency is in the range from 100
KHz to 50 MHz, where 50 MHz is taken as the lowest reso-
nant frequency. A detectable material is gold having conduc-
tivity 0=0.1 S/m, relative permittivity €=10 and relative per-
meability p=1.

[0173] The low-frequency transmitting antenna radiates
the electromagnetic wave to the region of the investigation.
The electromagnetic wave propagates through the outer
medium up to the deposit formation and then reflects from
this formation. Reflected electromagnetic wave propagates to
the low frequency receiving antenna which receives this elec-
tromagnetic wave.

[0174] The result of the investigation confirms high sensi-
tivity of the received signal to the cross-sectional area of the
deposit formation in the plane perpendicular to the line of
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sight from the stand point of the transmitting antenna. Voltage
V versus cross-sectional area A [m?] make up V=0.03/(A0.
6+0.2) [V]. Furthermore, detectable dependence of the
received signal on the distance x [m] between the geological
formation and the receiving antenna is established as V=0.
1#x%%% [V]. Considerable angular differential variation of
the received radiation field IAFE/El in presence of the geologi-
cal formation is demounstrated at the level of up to 40%.
Uniform geological formation around the geological forma-
tion (Fe2S pyrite) is assumed as a reference.

[0175] Remote sensing of the hidden objects can be done
from the surface or an air-born vehicle using the radar reflec-
tion mode method, similar to the one described above as the
remote sensing of the geological formations. The method is
effective if the boundary of the object offers a gradient of the
electromagnetic wave impedance sqrt[W/(E+lo/m)] high
enough for being used in the reflection mode. Because of the
reduced spatial resolution at the low frequencies, due to large
wavelength compared to the object size, the efficiency of the
reflection mode measurements should be enhanced by an
angular scanning, i.e. by moving the antenna system around
the zone of investigation.

[0176] Furthermore, said antennas can be used for medical
purposes, for example in magnetic hyperthermia. It is pos-
sible because frequencies less than 1 MHz not so danger to
health. Further, possible irradiation has much less power. Due
to large skin depth and possibility of using of diffraction,
there is significantly less energy losses are appeared and a
need in a large power is absent. That means that the possible
health hazards associated with exposure to high-power radio
waves will disappear in such antennas.

[0177] According to one embodiment of the invention,
antenna system for remote energy transfer comprises low-
frequency transmitting antenna radiating an electromagnetic
wave and low-frequency receiving antenna receiving the
electromagnetic wave radiating by the low-frequency trans-
mitting antenna. Each of the transmitting antenna and the
receiving antenna can be accomplished as antennas or
antenna arrays described above with references to FIG. 1-10.

[0178] The low frequency transmitting antenna preferably
arranged in a building and the low frequency receiving
antenna is mounted on a mobile device. The mobile device is
selected from the group of: notebooks, mobile phones, PDAs,
smartphones, tablets. Further, the low frequency receiving
antenna preferably mounted on an electric vehicle.

[0179] The disclosed system provides efficient long-dis-
tance wireless transmission of energy, even through Earth at
low frequencies (1 KHz-10 KHz). There is no need for direct
line of sight to transfer energy between transmitting antenna
and receiving antenna due to enhanced level of material pen-
etration, for example, large skin depth of order of wavelength
in the surrounding medium, immune to weather conditions,
low health risk even by exposure to a radiation power as high
as 1 MW.

[0180] The arrays of compact powerful and of high direc-
tive gain compact transmitting antennas can be used in vari-
ous energy harvesting and transmitting systems, which addi-
tionally involves a frequency converter at the location of the
transmitting antenna array and the array of receiving anten-
nas. Wireless transfer of energy does not require a broad
bandwidth. In fact, higher quality factor (Q-factor) (lower
bandwidth)is compatible with the more efficient power trans-
fer at around the operational frequency.
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[0181] For example, a transferring of energy is executed
from Africa to Europe over the ocean. There are solar batter-
ies accumulating solar energy located in the Africa. The
amount of solar energy is over 1 GW. Solar energy is trans-
formed by a generator to an alternate current and then to
low-frequency transmitting antennas. The transmitting anten-
nas has an operational frequency of 300 Hz, the wavelength in
the air about 1000 km which implies a near field to induction
zone on that spatial scale, and comprises an array of the linear
transmitting antennas of a size 10 m each, and the composite
textured encapsulation made of the amorphous carbon of the
conductivity 3 S/m and the ferrite of the permeability 100.
The ocean has the conductivity of over 4.5 S/m and acts as a
waveguide for the transferred energy. The transferred energy
is received by a set of the receiving antennas located in
Europe each enveloped with the encapsulation made of the
permeable non-conducting material such as ferrite for an
enhanced receiving efficiency, the size of each elemental
receiving antenna may vary depending on the circumstances
and doesn’t really restricted by any fundamental restrictions
at low frequencies. The spread of the receiving antenna array
is aninverse of the directivity of the transmitting manifold but
can be made much smaller within the near field zone as there
is no waste of energy due to the near field coupling.

[0182] Reduced requirements to the bandwidth makes this
type of powerful and highly directive system for remote
energy transfer particularly attractive for wireless transfer of
energy, which can also be used for remote powering of
vehicles without a need for an interrupted traffic, both on the
roads and in the air.

[0183] In one embodiment, there is a net of transmitter
antennas arranged cross the city or on the roads. The remote
powering of vehicles is performed during movement of the
vehicles on permanent basis. For example, the car will be able
to go 200-250 km getting small charging stay close to each
traffic light instead 150 km as now. This can be accomplished
by using antenna system for energy transfer. The transmitting
antenna comprises a loop conductor of a size of 1 m at an
operational frequency of 300 Hz and a composite textured
encapsulation made of the amorphous carbon of the conduc-
tivity 300 S/m and ferrite of the relative permeability of 100.
The transmission lines input impedance is about 0.02 Ohm to
provide with an enhanced transmission.

[0184] An array of receiving antennas is mounted on a
vehicle. Said receiving antennas has a size of 0.1 m each and
enveloped into an encapsulation made of a permeable mate-
rial with a permeability of 1000 for an enhanced efficiency of
the receiving in the near field zone.

[0185] In another embodiment, said antennas are used for
remote charging. For example, for robots charging while
moving different rooms and places splitted by walls and
working from battery. Further charging application is mobile
devices, for example notebooks, mobile phones.

[0186] In case of remote charging the transmitting antenna
is mounted within a building and comprises a loop conductor
having size of 1 m, an operational frequency of 300 Hz and is
enclosed in a composite textured encapsulation made of the
amorphous carbon with conductivity 300 S/m and ferrite with
permeability of 100. The transmission lines input impedance
is about 0.02 Ohm to provide with an enhanced transmission.
[0187] In one embodiment, the transmitting antenna com-
prising a solid angle, where the maximum of the radiation
occurs, of a size commensurable to an angular size of the
receiving antenna for higher efficiency of the radiated power.

Jan. 14,2016

[0188] In one embodiment, an operating frequency of the
electromagnetic wave of the transmitting antenna is selected
to provide a skin depth of the outer medium of at least 2.7r,
wherein r is the distance between the transmitting antenna
and the receiving antenna. The electromagnetic wave pen-
etration depth in any material is characterized by the skin
depth in that medium determined by the conductivity in that
material, by definition, the skin depth is a distance upon
which the electromagnetic wave intensity gets decreased by a
factor of 2.7.

[0189] Inoneembodiment, the antenna system comprising
a feedback connection between the transmitting antenna and
the receiving antenna.

[0190] In case if the electromagnetic power is transferred
via the electromagnetic radiated waves, a feedback connec-
tion between the transmitting antenna and the receiving
antenna located on the recipient object might be required in
order to enhance the power transfer efficiency. In its simplest
form, the feedback might involve: using global positioning
system (GPS) or global navigation satellite system (GLO-
NASS) to enable 3D location of the remotely powered object
and to position the transmitting antenna to align its radiation
directivity lobe toward the object; a communication pair of
transmitting antenna—receiving antenna positioned at the
location of the power transmitting antenna, and a communi-
cation pair of transmitting antenna—receiving antenna at the
location of the power receiving antenna on the object, both
communication. Transmitting antenna and communication
receiving antenna operating on an alternative frequency if the
frequency of the power transmitting antenna is not high
enough to ensure a bandwidth compatible with the delivery of
the global positioning information. Other positioning or navi-
gation methods such as active radar technology can also be
used instead of the GPS or GLONASS, which would involve
aradartransmitting antenna at the power transmitting antenna
location additional to the power transmitting antenna.
[0191] For example, there is a net of one thousand trans-
mitting antennas having high directivity arranged cross the
city or on the roads. Each transmitting antenna has wave
length of 10 kHz and power of 5 kW. Buildings have a skin
depth of 15-150 m. The vehicle is provided with a receiving
antenna or an antennas array. Remote powering of a vehicle
can be implemented on the distance of 3 km by ten transmit-
ting antennas nearest to the vehicle. In this case an average
efficiency of the energy transferring is about 65%. The
antenna system comprises a Dedicated Short-Range Commu-
nications (DSRC) which allows feedback connection
between transmitting and receiving antennas. If large energy
loss are occurred during energy transferring from one or more
of said transmitter antennas, the DSRC disconnect the receiv-
ing antenna, mounted on the vehicle, from this one or more
antennas. This provides enhanced energy transfer efficiency
up to 85 percent. If the power of the remaining transmitting
antennas is not sufficient for powering the vehicle, a proces-
sor unit connects other transmitting antennas with sufficient
energy transfer efficiency to provide required powering.
When the battery is charged, the receiving antenna is auto-
matically disconnected.

[0192] Further, the system for remote energy transfer is
used to improve vehicle security system. For example, if the
vehicle is stolen, it cannot be hided in underground parking
place, garage etc, because the signal from the antenna will be
visible in any way. Providing a small enveloped transmitting
antenna on a parked vehicle at operational frequency of 100
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kHz would allow the radiated signals penetrate slabs of con-
crete (the electric conductivity of concrete is assumed to be
0.01 S/m) up to 16 m total thickness. Ordinary transmitting
antenna of a reasonable portable size would operate at 10
MHz and higher, which limits the total thickness of the con-
crete slabs to 1.6 m only.

[0193] The antennas with such characteristic can be used in
the earthquake zone. In case of building destruction, a loca-
tion of the people can be detected inside the building, if they
have such antennas located, for example, on clothes. Further,
if each floor of the building is provided with sensors equipped
by the antennas, it is possible to determine a degree of the
destruction of the building. By providing of appliances
mounted in the building with said antennas it is possible to
execute remote control of said appliances, for example,
remote power cutoff.

[0194] In one embodiment, the disclosed antennas used in
electronic bracelets for kids, dogs, criminals, etc. In this case
operational frequency of 20 kHz would provide with high
level of transparency for the transmitted signals and should
have no health hazard if the transmitting antenna power den-
sity is kept under 1.0 W/em2.

[0195] In another embodiment, the disclosed antennas are
used in a black box of the airplanes security system. This is
preferably, particularly considering the fact the black box
might end up in sea water which is conducting and less
transparent to higher frequencies. For example, skin depth at
1 MHz is only 20 cm sea water, whereas at 100 Hz skin depth
is 23 m.

[0196] Further, the disclosed antennas can be used for low
frequency communication. Low (50 Hz-300 kHz) and
medium (300 kHz-3 MHz) frequencies offer unique proper-
ties such as very stable propagation conditions and the ability
to penetrate the sea and earth. Besides, use of the low-fre-
quency transmitting antennas makes the dimensions of
receiving antenna practically of no importance. This is related
to the fact that at low frequencies atmospheric noise exceeds
the receiving antenna internal noise, and therefore the receiv-
ing antenna output signal-to-noise power ratio is independent
of antenna efficiency and size.

[0197] A fundamental difficulty in achieving efficient
radiation at low frequencies is the transmitting antenna large
dimensions which have to be comparable to radiation wave-
length (%) in the air. Restricting the antenna geometry to a
vertical monopole of height h, the radiation efficiency drops
with the ratio (h/A)2 as the wavelength increases. Maximum
efficiency is obtained if the antenna height is h=1/4, also
providing that a good match to a low-impedance transmission
line (50-Q) is achieved. For medium frequencies (MF) at 600
kHz at the radiation wavelength A=500 m, maximum effi-
ciency is achieved if h=125 m.

[0198] Solution to the problem is offered in the present
disclosure, where the extreme wave compression in a spe-
cially designed transmitting antenna allows for a related
dimensional reduction. Efficiency of radiation and broaden-
ing of the bandwidth is achieved by matching the wave
impedance of the envelope material to that of outer space and
the transmission lines by combination of permeable and con-
ducting/high permittivity materials and textured structure of
the envelope.

[0199] Another areas of application may include: a driver
assistant systems; compact portable communication; improv-
ing connectivity in buildings, tunnels and mines; radionavi-
gation, radiolocation; fixed and maritime mobile services;
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aeronautical services; broadcasting; industrial, scientific and
medical application; radio astronomy.

1. A low frequency antenna for radiating/receiving an elec-
tromagnetic wave to/from an outer medium, the antenna com-
prising:

a feed port connectable to a transmission line;

an antenna conductor connected to the feed port;

and an encapsulation at least partially surrounding the

antenna conductor,

wherein the encapsulation has a core part adjacent to the

antenna conductor and an external part adjacent to the
core part and having a periphery,

wherein the core part of the encapsulation has such a struc-

ture or is made of such a material that each of the encap-
sulation core part permeability, the encapsulation core
part conductivity and the encapsulation core part permit-
tivity is invariable within the core part,

wherein the external part of the encapsulation has such a

structure or is made of such a material that at least two of
the encapsulation external part permeability, the encap-
sulation external part conductivity and the encapsulation
external part permittivity increases along at least one
direction within the external part of the encapsulation
from the core part to the periphery of the encapsulation,
wherein the structure or material of the external part of
the encapsulation is chosen to provide that the ratio of
encapsulation external part permeability to the encapsu-
lation external part permittivity is invariable within the
external part of the encapsulation and equal to the ratio
of the outer medium permeability to the outer medium
permittivity.

2. The antenna of claim 1, wherein the encapsulation exter-
nal part conductivity is invariable, while the encapsulation
external part permeability and the encapsulation external part
permittivity increases.

3. The antenna of claim 1, wherein the encapsulation exter-
nal part permeability is invariable, while the encapsulation
external part conductivity and the encapsulation external part
permittivity increases.

4. The antenna of claim 1, wherein the encapsulation exter-
nal part permittivity is invariable, while the encapsulation
external part permeability, and the encapsulation external part
conductivity increases.

5. The antenna of claim 1, wherein at least two of the
encapsulation external part permeability, the encapsulation
external part conductivity and the encapsulation external part
permittivity increases continuously.

6. The antenna of claim 1, wherein at least two of the
encapsulation external part permeability, the encapsulation
external part conductivity and the encapsulation external part
permittivity increases step-wise.

7. The antenna of claim 1, wherein the encapsulation exter-
nal part permeability is increased by a factor of 5-20.

8. The antenna of claim 1, wherein the encapsulation exter-
nal part permittivity is increased by a factor of 5-20.

9. The antenna of claim 1, wherein the encapsulation exter-
nal part conductivity is increased by a factor of 5-20.

10. The antenna of claim 1, wherein the encapsulation
external part permeability is varied in the range 5-10 times of
that in the core part, gradually or step-wise increasing on one
side of the core part in the direction from the periphery of the
external part of the encapsulation to the core part, and con-
tinuously or step-wise increasing on the opposite side of the
core part in the direction from the core part to the periphery of



US 2016/0013547 Al

the external part of the encapsulation, the ratio of the param-
eters including permittivity, permeability and conductivity in
the external part of the encapsulation is kept equal to that in
the core part.

11. The antenna of claim 1, wherein the encapsulation
external part permittivity is varied in the range 5-10 times of
that in the core, continuously or step-wise increasing on one
side of the core part in the direction from the periphery of the
external part of the encapsulation to the core part, and con-
tinuously or step-wise increasing on the opposite side of the
core part in the direction from the core part to the periphery of
the external part of the encapsulation, the ratio of the param-
eters including permittivity, permeability and conductivity in
the external part of the encapsulation is kept equal to that in
the core part.

12. The antenna of claim 1, wherein the encapsulation
external part conductivity is varied in the range 5-10 times of
that in the core part, continuously or step-wise increasing on
one side ofthe core part in the direction from the periphery of
the external part of the encapsulation to the core part, and
continuously or step-wise increasing on the opposite side of
the core part in the direction from the core part to the periph-
ery of the external part of the encapsulation, the ratio of the
parameters including permittivity, permeability and conduc-
tivity in the external part of the encapsulation is kept equal to
that in the core part region.

13. The antenna of claim 1, wherein the core part has a
linear size that is more than one-forth length of the antenna
conductor.

14. An array of antennas comprising a plurality of a low-
frequency antennas for radiating/receiving an electromag-
netic wave to/from an outer medium and a coupling arrange-
ment between said plurality of low-frequency antennas,
wherein each antenna of the plurality of the antennas com-
prising: a feed port connectable to a transmission line; an
antenna conductor connected to the feed port; and an encap-
sulation at least partially surrounding the antenna conductor,
wherein the encapsulation has a core part adjacent to the
antenna conductor and an external part adjacent to the core
part and having a periphery, wherein the core part of the
encapsulation has such a structure or is made of such a mate-
rial wherein each of the encapsulation core part permeability,
the encapsulation core part conductivity and the core part
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permittivity is invariable within the core part, wherein the
external part of the encapsulation has such a structure or is
made of such a material that at least two of the encapsulation
external part permeability, the encapsulation external part
conductivity and the encapsulation external part permittivity
increases along at least one direction within the external part
of the encapsulation wherein the structure or material of the
external part of the encapsulation is chosen to provide that the
ratio of encapsulation external part permeability to the encap-
sulation external part permittivity is invariable within the
external part of the encapsulation and equal to the ratio of the
outer medium permeability to the outer medium permittivity.

15. The array of claim 14, configured as one-dimensional
antenna array.

16. The array of claim 14, configured as two-dimensional
antenna array.

17. The array of the claim 14, further comprising a plurality
of phasers individual for each antenna.

18. A low frequency antenna for radiating/receiving an
electromagnetic wave, the antenna comprising: a feed port
connectable to a transmission line; an antenna conductor
connected to the feed port; and an encapsulation at least
partially surrounding the antenna conductor, wherein the
encapsulation has the encapsulation permeability, the encap-
sulation conductivity and the encapsulation permittivity,
wherein the encapsulation comprises a plurality of alternating
first areas and second areas, wherein each first area are char-
acterized by a first area permeability, a first area conductivity
and a first area permittivity; each second area are character-
ized by a second area permeability, a second area conductivity
and a second area permittivity; and the first area permeability,
the first area conductivity and the first area permittivity are
higher than the second area permeability, the second area
conductivity and the second area permittivity, and wherein
the ratio of a first area permeability to a first area permittivity
is invariable and equal to the ratio of a second area perme-
ability to a second area permittivity.

19. The antenna of claim 18, wherein an extension of each
second area is no more than Y10 L, wherein Lisa length of the
antenna conductor.

20. The antenna of claim 18, wherein each second area is
air.



	Patent_P-335-21US 1
	US2016013547A1
	Bibliography
	Abstract
	Drawings
	Description
	Claims




